Introduction
An enriched environment (EE) offers multiple dimensions of stimulus to the brain, including physical activities, multisensory/cognitive loading and social interactions (Nithianantharajah and Hannan, 2006; Van Praag et al., 2000) . The effects of EE exposure on brain plasticity have been studied extensively in animal models at behavioral, anatomical, physiological, biochemical and molecular levels. EE-induced neuroplasticity is known to involve distributed brain regions in multiple networks, including the motor/sensory cortices, prefrontal cortex (PFC), basal ganglia, hippocampus and midbrain areas (Aumann et al., 2013; Nithianantharajah and Hannan, 2006; Sale et al., 2014; Scholz et al., 2015; Van Praag et al., 2000) . The potential of using EE as a treatment/rehabilitation measure for neurological/psychiatric disorders has also been explored (Kotloski and Sutula, 2015; Solinas et al., 2010 ).
An unbiased mapping of whole-brain activities during EE exposure could shed light on the neurobiological mechanisms underlying EE-related neuroplasticity. Early studies have used electrophysiology and 2-deoxyglucose autoradiography to assess brain activities during physical exercises (Shi et al., 2004; Vissing et al., 1996) . The c-Fos/∆FosB proteins are indirect markers of neuronal activity (Kovács, 1998; Lee et al., 2003) ; and c-Fos/∆FosB immunohistochemistry is the most frequently used technique to map neuronal activities associated with environmental enrichment. Altered c-Fos/∆FosB expressions in multiple brain regions have been observed following EE exposures (Ali et al., 2009; Lehmann and Herkenham, 2011; Montero, 1997; Rinaldi et al., 2010; Sampedro-Piquero et al., 2015) and its constituent dimensions such as physical exercises (Barna et al., 2012; Lee et al., 2003) , social interactions (Avale et al., 2011; Gil et al., 2013; Wall et al., 2012) and exploration in a novel environment (Rinaldi et al., 2010; VanElzakker et al., 2008) .
In vivo functional neuroimaging studies on brain activities during EE exposure are scarce in the 2 literature. Manganese-enhanced magnetic resonance imaging (MEMRI) measures neural activity-dependent uptake of paramagnetic manganese ion (Mn 2+ ) via L-type voltage-gated calcium channels, N-methyl-D-aspartate receptors (NMDARs) and Ca 2+ -permeable AMPA receptors, and the transportation of Mn 2+ along the neural tracts, thus providing information on both functional brain activities and neuronal connectivity (Bedenk et al., 2018; Hankir et al., 2012; Inoue et al., 2011; Itoh et al., 2008; Pautler, 2004; Wang et al., 2015) . MEMRI has been widely used in animal studies, and different variations have been developed for different purposes (Malheiros et al., 2015; Silva et al., 2004) . With systematic administration of MnCl 2 and no requirement for blood-brain barrier (BBB) disruption, an MEMRI method has been developed, specifically, to monitor cumulative neural activities in response to sustained external stimulation (Bissig and Berkowitz, 2009; Yu et al., 2005) and those associated with spontaneous behaviors in freely moving animals, such as voluntary wheel-running and alcohol/saccharin consumption (Dudek et al., 2015; Eschenko et al., 2010) .
In this study, we utilized this methodology to map cumulative whole-brain activities in freely-moving mice during a 7-day EE exposure. Mice residing in a standard environment (SE) for the same amount of time were used as the control. MnCl 2 was infused systematically and continuously during the entire 7-day exposure period via implanted osmotic pumps (Eschenko et al., 2010) . The animals were imaged immediately upon the termination of MnCl 2 infusion, followed by c-Fos immunohistochemistry assessments across the whole brain to cross-validate the MEMRI results. Many previous studies have implicated the involvement of dopaminergic signaling in the EE exposure (Aumann et al., 2013; Darna et al., 2015; Segovia et al., 2010) . The expression of the rate-limiting enzyme in dopamine synthesis tyrosine hydroxylase (TH) in the midbrain areas was assessed to confirm the efficacy of EE exposure.
The main aim of the study is to investigate the feasibility to use MEMRI for unbiased mapping of 3 whole-brain activities in free-moving animals subjected to sub-acute/chronic manipulations as complex as EE exposure.
Materials and Methods

Animals
All animal protocols conformed to the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals, and were approved by the Institutional Animal Care and Use Committee. Male Kunming mice were purchased from Hunan SJA Laboratory Animal Company (Changsha, China). The animals were housed in groups of four in standard mouse cages upon arrival, and acclimated to the laboratory environment for one week before the experiments. Ambient temperature in the animal facility was maintained at 24 ± 1 °C with a 12-h light/dark cycle (lights on between 8 and 20 o'clock). Pellet food and tap water were available ad libitum.
MnCl 2 administration
After the acclimation period, twenty-six mice (about 8 weeks old, weighing 30.5-40.5 g) were implanted intraperitoneally with a MnCl 2 -loaded Alzet minipump (model 1007D, Durect Corporation, Cupertino, CA) under 1.0-1.5% isoflurane anesthesia. Each pump infused 100 µL saline solution of MnCl 2 into the animal continuously during the 7-day exposure period at a constant flow rate of 0.5 µL/hr. The concentration of MnCl 2 solution (Sinopharm Chemical Reagent Company, Shanghai, China) infused was adjusted according to the initial body weight of each individual mouse to achieve the same total dose of 100 mg MnCl 2 /kg body weight for all animals. For implantation, the abdomen skin was shaved and disinfected, on which an incision about 8 mm-long was made. The filled pump was inserted into the 4 peritoneal cavity, followed by closure of the wound with surgical suture and disinfection with 75% ethanol. The surgery lasted less than 10 min for each mouse. The animals were put back into its native cage for recovery, and closely observed until they had been fully awake and able to move freely (i.e., usually 2-3 hrs). The animals were then assigned into the EE and SE groups. The mice assigned to the EE group were transferred to the EE cages (see below), while those in the SE group remained in their native cages. Pump implantation and MnCl 2 infusion induced no apparent detrimental effects to the animals, as no signs of infection, swelling and significant weight loss were observed during the entire course of experiments.
EE and SE exposure
The mice in the EE group were housed in group of eight (7 with implantations and 1 without) in the EE cages (59 cm × 33 cm × 35.5 cm (height)) made of plastic and wire mesh (Fig. 1B) . The mice in the SE group were housed in groups of four in standard plastic mouse cages (24 cm × 14 cm × 15 cm (height)) ( Fig. 1A) . Locally supplied wood shavings were used as bedding material for both groups. The EE cages contained various objects and constructions, including two 12 cm-diameter running wheels, 5 cm-diameter plastic tunnels, a 25 × 25 cm wood square, climbing ladders or platforms, and toy objects of different colors, shapes, sizes and textures ( Fig. 1B) . Every other day, the animals in the EE group were transferred into another EE cage with replenished bedding material, repositioned running wheels, replaced objects and reconfigured tunnels. The SE cages were cleaned and replenished with new bedding material every other day. The mouse was put into another SE cage temporarily when its cage was cleaned, and returned to its native cage after the cleaning procedures, which usually lasted less than 2 min for each cage. The mice were weighed before and at the end of the 7-day exposures. 
MEMRI data acquisition
After the 7-day exposure, the mice were first weighed, and then scanned on a 7.0 T/20 cm Bruker Biospec scanner (Ettlingen, Germany), with a 72-mm-diameter volume coil for radiofrequency (RF) pulse transmission and a 20-mm-diameter quadrature surface coil for signal detection. Manganese-enhanced images were obtained using a T 1 -weighted three-dimensional fast low angle shot (FLASH) sequence, field of view 20 mm × 20 mm × 18 mm, matrix 256 × 256 × 50, voxel size 0.078 mm × 0.078 mm × 0.36 mm, repetition time (TR) 35 ms, echo time (TE) 5.5 ms, excitation flip angle 30°, and 4 averages. The total acquisition time for each MEMRI scan was 22 min 24 s. During the imaging sessions, the mice were anesthetized with 1.0-1.5% isoflurane in pure oxygen delivered via a nose cone. The body temperature and respiration rate of the animals were monitored continuously. A heated water circulator system was used to keep the body temperature of the animals at 37 ± 1 °C.
MEMRI data analysis
The MEMRI data from 6 mice were discarded due to abnormal brain morphology (EE: n = 1), large 6 motion artifacts (SE: n = 2; EE: n = 2), or abnormal whole-brain MEMRI signal intensity detected by outlier analysis (EE: n = 1). The data from a total of 20 mice (EE: n = 10; SE: n = 10) were subjected to further analysis. Advanced Normalization Tools (ANTS, http://picsl.upenn.edu/software/ants/) were used to preprocess and co-register the image volumes. Briefly, the images were firstly corrected for intensity non-uniformity introduced by surface coil reception using the N4 algorithm. The images from all animals were then pooled together to construct a study-specific template with the diffeomorphic SyN transformation model. Finally, the image volume of each animal was co-registered to the study-specific template using the SyN nonlinear registration algorithm.
For each individual animal, regions of interest (ROIs) representing bilateral temporal muscle (0.936 mm × 0.624 mm × 3.6 mm, 960 voxels unilaterally, Bregma 0.98 to -2.46 mm, white rectangles, Fig. 4 ), pituitary gland and whole brain (Bregma 4.28 to -7.56 mm) were drawn in the template space. Inter-group comparisons of the mean MEMRI signal intensities in these ROIs were performed with the two-tailed independent-sample t-tests.
Voxel-based analysis (VBA) -For each animal, the voxel-wise MEMRI signal intensity was first normalized to the mean MEMRI signal intensity of the whole brain. The normalized images were then smoothed with a 0.156 mm × 0.156 mm × 0.72 mm full width at half maximum (FWHM) Gaussian contiguous slices, having a size from 0.122 to 0.986 mm 2 and representing an anatomical structure defined in the Paxinos mouse brain atlas (Paxinos & Franklin, 2007) . The ROI masks were then applied to the normalized images of each individual animal for calculation of mean MEMRI signal intensity (Dudek et al., 2015) . 13 out of the 23 ROIs ( Fig. 4 ) corresponded to the voxel clusters showing significant inter-group differences in MEMRI signal intensity, as revealed by VBA. The other 10 ROIs represented brain regions in the midbrain area (i.e., SNC, VTA and SNR), appetite-regulation circuits (Arc, CeA, LH and LPB) and motor circuits (i.e., M1, S1 and dlStr), respectively. These regions were selected either based on prior knowledge of their functional relevance in EE exposure (Aumann et al., 2013; Gil et al., 2013) or under the consideration that they have close associations with the 13 ROIs showing significant inter-group differences in MEMRI signal intensity (Ikemoto et al., 2015) . The ROIs for M1 and S1 were drawn according to a previous MEMRI study reporting M1/S1 activations during voluntary wheel running (Eschenko et al., 2010) . The Kolmogorov-Smirnov and Levene's tests were used, respectively, to assess the normality and equality of variances of the mean normalized MEMRI signal intensities in the ROIs. Two-tailed independent-sample t-tests were used for inter-group comparisons, followed by false discovery rate (FDR) correction for multiple comparisons among the 23 ROIs. An FDR-corrected p < 0.05 was considered to be statistically significant.
Correlation analyses-To investigate whether the body weight gain had any influence on Mn 2+ deposition in the brain, the correlations between the body weight gain and mean MEMRI signal intensities in the temporal muscle/pituitary gland/whole brain were assessed, respectively, with the Pearson product-moment correlation analysis (Roelofs et al., 2017) . The correlations between the MEMRI signal intensities in the 23 brain ROIs and the body weight gain were also assessed. An FDR-corrected p < 0.05 was considered to be statistically significant. 8
Environmental effects on body weight gain and food intake
A different cohort of EE-(n = 16) and SE-treated (n = 16) mice, which were neither implanted with the minipumps nor imaged (i.e., referred to as the intact cohort hereafter), was used to investigate the effects of environmental manipulation and MnCl 2 infusion on body weight gain and food intake. The protocols for EE-and SE-exposure were the same as described previously. The body weight of each mouse was weighed every other day when the cages were changed or cleaned. The total food intake of all mice in each individual SE and EE cage were recorded daily.
Repeated measures analysis of variance (ANOVA) was used to assess the inter-group (EE vs. SE) differences in body weight gain in the intact cohort, after confirming sphericity of the data by the Mauchly's test. Two-way ANOVA was used to assess the effects of MnCl 2 infusion (MEMRI cohort vs.
intact cohort) and environmental manipulation (EE vs. SE) on body weight gain at the end of 7-day treatment. One-sample t-tests were used to assess whether the body weight gain on a given day deviated significantly from null, followed by FDR corrections, where applicable, for multiple comparisons at different time points. As it was impossible to measure the amount of food intake for each individual mouse, a sign test was used to compare the group means of food intake between the EE and SE groups in the intact cohort (Fiala et al., 1977) .
c-Fos immunohistochemistry
Among the MEMRI cohort, randomly selected animals (n = 7 for each group) were anesthetized with an intraperitoneal injection of 20% urethane solution (7 mL/kg body weight) immediately after the imaging sessions, perfused transcardially with 100 mL 0.9% saline solution and subsequently with 50 mL 4% 9 paraformaldehyde (PFA) in 0.01 M phosphate buffered saline (PBS). Coronal brain sections 40 µm-thick were cut on a Leica VT1000 S vibratome (Wetzlar, Germany). Two contiguous sections were collected every 3 sections, soaked in an antifreeze solution (50% 0.01 M PBS, 30% ethylene glycol and 20% glycerol) and stored at -20 °C until use.
c-Fos staining was performed using the avidin-biotin peroxidase method (Rinaldi et al., 2010) . The brain sections were first washed with PBS for three times (5 min each). Free-floating sections were then treated with 3% H 2 O 2 in PBS to quench endogenous peroxidases, washed with PBS, and blocked with 10% normal goat serum and 0.3% Triton X-100 in PBS at 37 °C for 1.5 hrs to prevent nonspecific antibody binding. The brain sections were then incubated with rabbit anti-c-Fos antibody (1:400; #2250, Cell
Signaling Technologies, Danvers, MA) in 0.1% Triton X-100 PBS at 4 °C for 48 hrs, washed with PBS, incubated with biotinylated goat anti-rabbit IgG (diluted 1:200 with 1% BSA in PBS; SPN9001, ZSGB-BIO, Beijing, China) at 37 °C for 1.5 hrs, washed again, and treated with avidin-biotin peroxidase (diluted 1:200 with 1% BSA in PBS; SPN9001, ZSGB-BIO, Beijing, China) at 37 °C for 1.5 hrs.
Peroxidase activity was visualized by reaction with the diaminobenzidine peroxidase substrate kit (AR1022, BOSTER, Wuhan, China) for 10 min. Finally, the brain sections were mounted on gelatin-coated glass slides, dehydrated in ascending concentrations of ethanol, cleared with xylene, and cover-slipped with neutral balsam.
TH immunohistochemistry
Among the intact cohort, 6 EE-treated mice and 5 SE-treated mice were randomly selected for TH staining and c-Fos/TH co-staining. These mice were perfused immediately after the 7-day exposure 10 period as previously described. Coronal brain sections 40 µm-thick were cut on a Leica VT1000 S vibratome (Wetzlar, Germany) and stored in an antifreeze solution at -20 °C until use.
For TH staining, the brain sections were rinsed with PBS, blocked in 10% normal goat or donkey serum and 0.3% Triton X-100 in PBS at 37 °C for 1.5 hrs, and then incubated in 0.1% Triton X-100 PBS with rabbit anti-TH antibody (1:1000; AB152, Millipore, Temecula, CA) at 4 °C for 48 hrs. After rinses with PBS, the brain sections were incubated with secondary antibody goat anti-rabbit FITC (1:400, Jackson ImmunoResearch, West Grove, PA) in PBS at 37 °C for 1.5 hrs. The brain sections from 3 mice in each group were used for TH/c-Fos double-staining. The brain sections were incubated in 0.1% Triton X-100 PBS with a mixture of sheep anti-TH (1:1000; ab113, Abcam, Cambridge, UK) and rabbit anti-c-Fos (1:400; #2250, Cell Signaling Technologies, Danvers, MA) antibodies at 4 °C for 48 hrs. After rinses with PBS, the brain sections were incubated with a mixture of secondary antibodies [donkey anti-sheep 488 (1:400, Jackson ImmunoResearch, West Grove, PA) and donkey anti-rabbit Cy3 (1:800, Jackson ImmunoResearch, West Grove, PA)] in PBS at 37 °C for 1.5 hrs. All stained brain sections were rinsed with PBS, mounted, and cover-slipped with 80% glycerol.
Analyses of immunochemistry data
The brain sections for c-Fos immunochemistry were imaged on an Olympus VS120 microscope with a 20× objective (Tokyo, Japan), and the brain sections for TH immunohistochemistry and TH/c-Fos double staining were imaged on a Leica TCS SP8 MP confocal fluorescence microscope with a 10× objective (Wetzlar, Germany). The numbers of c-Fos-positive (c-Fos + ) and TH-positive (TH + ) cells were counted in bilateral rectangular/triangular ROIs (i.e., 0.108 to 0.98 mm 2 ) on 3-4 brain sections. Care was taken to match these ROIs, in terms of their center coordinates and sizes, as closely as possible to the ROIs 11 depicted in Fig. 4 . After confirming the normality and equality of variances of the data, two-tailed independent-sample t-tests were used to assess the inter-group differences in the counts of c-Fos + and TH + cells, followed by FDR corrections for multiple comparisons among the brain regions. Correlations between the count of c-Fos + cells and mean MEMRI signal intensity in the brain regions were assessed with the cross-subject Pearson product-moment correlation test. An FDR-corrected p < 0.05 was considered to be statistically significant.
Results
Two-way ANOVA of the body weight gain at day 7 ( Fig. 2A) Fig. 2B ). Relative to the SE-treated mice, the EE-treated mice had significantly less daily food intake during the first 2 days of exposure, but significantly more food intake between day 3 and day 7 (sign test, p < 0.05, Fig. 2C ). The average food intake during the entire 7-day exposure period was significantly higher in the EE group than in the SE group (sign test, p < 0.05, Fig. 2C ). For the EE treated mice, the average daily food intake between day 3 and day 7 was about 30% higher than that in the first 2 days of exposure. Figure 3 plots the raw MEMRI signal intensities in bilateral temporal muscle (white rectangles, Fig.   4 ), pituitary gland and whole brain, and their correlations with body weight gain. These analyses were performed to confirm the inter-group difference in body weight gain had not affected the availability of Mn 2+ in the blood and to the brain. None of the signal intensity measurements showed statistically significant inter-group differences. Neither did these measurements correlated significantly with the body 13 weight gain (temporal muscle: R 2 = 0.158, p = 0.10; pituitary gland: R 2 = 0.143, p = 0.101; whole brain: R 2 = 0.170, p = 0.10; Fig. 3D , 3E and 3F), when pooling the data from the two groups together.
Meanwhile, the mean MEMRI signal intensity in the temporal muscle, pituitary gland and whole brain correlated significantly with each other (temporal muscle/pituitary gland: R 2 = 0.395, p = 0.006; whole brain/pituitary gland: R 2 = 0.426, p = 0.005; temporal muscle/whole brain: R 2 = 0.970, p < 0.001). ventral hippocampal CA1 sub-field (vCA1) and superior colliculus (SC) (Fig. 4) . Significantly reduced MEMRI signal intensity was observed in the secondary motor cortex (M2) of the EE-treated mice (Fig.   4 ). white rectangles indicate the size and starting slice for the ROI representing temporal muscle (Fig. 3) . The green and purple shapes depict the locations and sizes of the 23 bilateral regions of interest (ROIs) used in Fig. 5 . For simplicity, these ROIs are shown only in one hemisphere.
2-column fitting image Figure 5 plots the mean normalized MEMRI signal intensities in the 23 brain structures represented by the ROIs shown in Fig. 4 . For the 13 ROIs represented by the green shapes in Fig. 4 , the results of ROI-based analysis agreed well with the VBA results ( Fig. 5A ). Meanwhile, significantly increased MEMRI signal intensities (Fig. 5B) were observed in the primary somatosensory cortex (S1), central amygdaloid nucleus (CeA), lateral hypothalamic area (LH), compact part of the substantia nigra (SNC) and ventral tegmental area (VTA) of the EE-treated mice at the ROI level ( Fig. 5B) , but not at the pixel level (purple shapes, Fig. 4 ). To be concise and only in a loose term, the brain regions showing significantly increased MEMRI signal intensity in the EE-treated mice at the ROI level are hereafter referred to as the activated brain regions. Neither at the pixel level ( Fig. 4) nor at the ROI level (Fig. 5B) did the primary motor cortex (M1), dorsolateral striatum (dlStr), arcuate hypothalamic nucleus (Arc), reticular part of the substantia nigra (SNR) and lateral parabrachial nucleus (LPB) show any statistically significant inter-group difference in MEMRI signal intensity. These brain regions are hereafter referred to as the non-activated brain regions.
Within each group, the mean MEMRI signal intensity in none of the ROIs correlated significantly with the body weight gain (p > 0.05, FDR corrected). Pooling the data from the two groups together, 16 significant negative correlations were found between the body weight gain and the mean MEMRI signal intensities in the ROIs representing dmStr, VP and VL/VM (p = 0.025, 0.017 and 0.006, respectively, FDR corrected). 4 ). Staining of the SC and LPB was not available because the corresponding brain sections were not collected. Only selected activated brain regions in the EE-treated mice showed significant or trend of increases in c-Fos + cell count (Fig. 6C ). The activated brain regions without any significant changes in c-Fos expression included the PrL, VLO, M2, Cg2, dmStr, VP and vCA1 (Fig. 6D ). Mixed c-Fos staining results were observed among the non-activated brain regions (Fig. 6E) . The EE-treated mice showed significantly increased c-Fos + cell count in the M1, significantly decreased c-Fos + cell count in the Arc, and no changes in the dlStr and SNR, relative to the SE-treated mice. No brain regions showed significant correlations between the regional c-Fos + cell count and regional MEMRI signal intensity under the statistical threshold of p < 0.05, FDR corrected. The results of TH staining and TH/c-Fos double staining are shown in Fig. 7 . The EE-exposed mice showed significantly higher count of TH + cells in the SNC and VTA (p < 0.05, FDR corrected, Fig. 7C ).
TH staining and c-Fos staining co-localized to some extent, but not completely, in the SNC/VTA of the EE-and SE-treated mice (Fig. 7D) . Yellow arrows: cells double-stained for TH and c-Fos. *: p < 0.05, two-tailed independent-sample t-test, false discovery rate 20 corrected for comparisons in the 2 brain regions.
2-column fitting image
Discussion
EE-induced changes in MEMRI signal intensity
MEMRI has been widely used to map brain activations, trace neuronal tracts and delineate tissue cyto-architecture in animal studies (Inoue et al., 2011; Malheiros et al., 2015; Pautler, 2004; Silva et al., 2004) . It is generally believed that the Mn 2+ -enhanced signal intensity (i.e., amount of regional Mn 2+ deposition) is, at least partially, related to neuronal activities at the voltage-gated calcium channels, NMDARs and Ca 2+ -permeable AMPA receptors (Bedenk et al., 2018; Hankir et al., 2012; Itoh et al., 2008; Wang et al., 2015) ; and the trans-synaptic transport of Mn 2+ along the neuronal tracts is anterograde and predominantly related to fast axonal transport (Leergaard et al., 2003; Watanabe et al., 2004) . Axonal and trans-synaptic transport of Mn 2+ is also known to be activity-dependent, as neuronal activity promotes the transport of Mn 2+ to projection terminals and across synapses Inoue et al., 2011) . In addition to activity-dependent uptake and transport, metal transporters such as iron transporter transferrin and zinc transporters may also mediate activity-independent Mn 2+ uptake into neural cells (Daoust et al., 2013; Wang et al., 2015) .
In this study, MEMRI with a protocol of 7-day continuous MnCl 2 infusion was used to map accumulative brain activities in the EE-treated mice. Similar approaches have been used in previous studies to assess brain activations associated with voluntary wheel-running and alcohol/saccharin consumption (Dudek et al., 2015; Eschenko et al., 2010) . With days of MnCl 2 infusion, the amount of regional Mn 2+ deposition not only reflects the integrated local neuronal activities over time (Bissig and Berkowitz, 2009; Lu et al., 2007; Yu et al., 2005) , but also is modulated by factors such as 21 axonal/trans-synaptic Mn 2+ transport and changes in BBB permeability (Androuin et al., 2019; den Hollander et al., 2014; Eschenko et al., 2010) . The relative contributions of these mechanisms in a given brain region may depend on its functional recruitment in the task and its functional/structural connectivity with the rest of the brain, and thus be different from region to region.
Relative to the SE-treated mice, the EE-treated mice were shown to have significantly increased MEMRI signal intensities in a number of brain regions distributed across different brain networks, including the PFC, somatosensory cortices, midbrain dopaminergic areas, dorsomedial/ventral striatum, lateral/ventral pallidum, ventral hippocampus, submedius and ventral thalamus, and regions related to appetite control (i.e., CeA and LH). The changes of MEMRI signal intensity in some of these brain regions were statistically significant at both the pixel and ROI levels, while those in the others were statistically significant only at the ROI level, probably due to the fact that the ROI-based analysis had higher signal-to-noise ratio and thus statistical power.
It is generally believed that the changes of Mn 2+ deposition and thus MEMRI signal intensity are driven mainly by glutamatergic activities (Bedenk et al., 2018; Itoh et al., 2008) . This study, as well as a number of previous MEMRI studies (Dudek et al., 2015; Laine et al., 2017) , observed significantly altered Mn 2+ deposition in the brain regions where non-glutamatergic neurotransmission predominates, including the SNC, VTA and LGP (Hegeman et al., 2016; Morales and Root, 2014; Ungless and Grace, 2012) . The molecular/cellular mechanisms of Mn 2+ uptake in these brain regions are not well characterized and deserve further consideration. For instance, the activities of the midbrain dopaminergic neurons are known to be modulated by L-type voltage-gated Ca 2+ channels (Dragicevic et al., 2015; Liu et al., 2014) , and these neurons also receive dense glutamatergic inputs from various cortical and subcortical regions, driving their burst firing (Morales and Margolis, 2017; Watabe-Uchida et al., 2012) . 22 As such, the increased Mn 2+ uptake in the SNC/VTA could have been a result of either enhanced firing of the dopaminergic neurons or increased afferent glutamatergic activities, or both. In addition, the activities of local glutamatergic and GABAergic neurons may also play a role (Morales and Margolis, 2017; Morales and Root, 2014; Nair-Roberts et al., 2008) , supported by the observation that not all c-Fos + cells in these regions co-stained with TH (Fig. 7) .
EE-induced changes in c-Fos Staining
The c-Fos/∆FosB proteins, encoded by the immediately early genes c-fos and fosB, are members of the Fos family of transcription factors, and frequently used as markers of neuronal activity (Kovács, 1998; Lee et al., 2003) . C-Fos protein has a half-life of 2-6 hours, and ∆FosB protein has a relatively longer half-life of 10-208 hours in vivo (Kovács, 1998; Sumner et al., 2004) . Minutes to hours of EE exposure, physical exercise, social interaction and exploration of a novel environment induced significantly increased c-Fos expression in the PrL, Cg, VLO, Acb, dmStr, motor cortex, somatosensory cortices, LH, SC and VTA (Ali et al., 2009; Avale et al., 2011; Barna et al., 2012; Gil et al., 2013; Gunaydin et al., 2014; Montero, 1997; Rinaldi et al., 2010; VanElzakker et al., 2008; Wall et al., 2012) . Enhanced c-Fos/∆FosB expression were also observed in the PrL, Cg, Acb, amygdala, and subregions of the ventral hippocampus following days to months of EE exposure and physical exercise (Gill et al., 2014; Lehmann and Herkenham, 2011; Matsuda et al., 2018; Nishijima et al., 2013; Sampedro-Piquero et al., 2015; Venebra-Muñoz et al., 2014; Werme et al., 2002) . In general, the results of c-Fos staining obtained in this study (Fig. 6) agreed well with the previous observations. Additionally, significantly increased c-Fos expressions were observed in the LGP, thalamic nuclei and SNC, a result that had been scarcely reported previously.
Comparison between Brain Activations Detected by MEMRI and c-Fos Staining
It is well established that brain activations assessed with c-Fos/∆FosB staining and MEMRI do not always agree with each other (Gimenes et al., 2019; Laine et al., 2017; Ulyanova et al., 2017) . For instance, leptin challenge induced highly correlated c-Fos expression and MEMRI signal in some hypothalamic regions, but not in the others (Ulyanova et al., 2017) . In a chronic psychosocial stress mouse model, not all the brain regions with significantly increased MEMRI signal had increased count of ∆FosB + cells (Laine et al., 2017) . Deep brain stimulation of the anterior nucleus of the thalamus increased c-Fos expression, but decreased MEMRI signals in the cingulate cortex and subiculum; and stimulation-induced increase of c-Fos expression in the amygdala was not associated with any significant change of regional MEMRI signal (Gimenes et al., 2019) .
While highly accordant change in c-Fos expression and MEMRI signals are likely indicative of the fact that regional Mn 2+ deposition is predominately driven by activity-dependent neuronal uptake; the mechanisms underlying dissociated MEMRI and c-Fos/∆FosB changes are more complicated and less understood. The discrepancy could be attributed to different half-lives of c-Fos, ∆FosB and Mn 2+ in the brain (Kovács, 1998; Malheiros et al., 2015; Sumner et al., 2004) , markedly different spatial resolution between the MEMRI and immunochemical staining approaches (Cacace et al., 2014; Kovács, 1998) , differential expressions of Fos/FosB gene products in different brain regions and in response to sustained or intermittent activations (Vialou et al., 2015) , inter-regional Mn 2+ transport (Malheiros et al., 2015; Ulyanova et al., 2017) , heterogeneity of regional neuronal types and involvement of inhibitory neurotransmission in brain activations (Gimenes et al., 2019; Parkinson et al., 2009) . Strong MEMRI signal has been observed in regions with low ∆FosB expression levels but dense axonal tracts passing 24 through them, highlighting the fact that Mn 2+ deposition observed in these regions were mainly related to Mn 2+ transport along the activated neural pathways, rather than local activity-dependent neuronal Mn 2+ uptake (Laine et al., 2017) . Agreeing with this notion, almost all the brain region in the EE-treated mice showing enhanced regional Mn 2+ deposition but no significant changes of c-Fos expressions (Fig. 6D) were regions with dense afferent connections (Guo et al., 2015; Hoover and Vertes, 2007; Smith et al., 2009; Weitz et al., 2019) . For instance, the PrL receives dense projections from basal ganglia, amygdala, hypothalamus, midbrain and other cortical areas (Hoover and Vertes, 2007) , and the VP serves as a limbic final common pathway (Smith et al., 2009) .
Activations of midbrain dopaminergic areas during EE exposure
Collectively the MEMRI, c-Fos staining and TH immunohistochemistry data demonstrated that the activities of midbrain dopaminergic areas (i.e., VTA/SNC) are modulated by EE exposure. Many previous studies have demonstrated that EE exposure can modulate dopaminergic neurotransmission and induce neuroplasticity in the dopaminergic circuits. For example, adult mice subjected to a 14-day EE exposure had upregulated TH expression in the SNC and VTA (Aumann et al., 2013) . Months of EE exposure increased tonic dopamine (DA) release in the ventral striatum (Segovia et al., 2010) , and downregulated DA transporter (DAT) expression in the dorsal and ventral striatum of rodents (Bezard et al., 2003; Wagner et al., 2005) . Reduced DAT and dopaminergic D1 receptor expressions were observed in the medial PFC of rats after one or three months of EE exposure (Darna et al., 2015; Del Arco et al., 2007; Zhu et al., 2005) .
It was observed in this study that not only the SNC/VTA had enhanced activities during EE exposure, many of the brain regions receiving midbrain dopaminergic projections (i.e., PFC, Acb, dmStr, VP, LGP, 25 CeA and LH) exhibited enhanced Mn 2+ deposition and/or c-Fos expression as well. These observations implicated that the enhanced midbrain dopaminergic activities in the EE-treated mice might have driven the network-level activations in the downstream circuits. This interpretation is consistent with the results of previous optogenetic and chemogenetic fMRI studies reporting that activation of midbrain dopaminergic neurons can result in large-scale activations in the mesolimbocortical circuits, non-limbic basal ganglia and thalamus (Decot et al., 2017; Ferenczi et al., 2016; Lohani et al., 2017; Roelofs et al., 2017) .
Activations of nigrostriatal and mesolimbic circuits
The nigrostriatal and mesolimbic circuits are involved not only in motor control (Balleine and O'Doherty, 2010; Kim and Hikosaka, 2015) , but also in rewarding, motivation, emotion and detection of salient and arousing events such as appetitive and novel stimuli (Horvitz, 2000; Ikemoto et al., 2015; Wise, 2004) . A number of previous studies have demonstrated that the behavioral consequences of EE-exposure are closely linked to the activities in these circuits (Grippo et al., 2014; Solinas et al., 2010; Steiner et al., 2006) .
The dmStr is the associative part of the striatum and a major input station of the basal ganglia (Hegeman et al., 2016; Kim and Hikosaka, 2015) . It receives dense projections from the SNC and PFC, and known to be involved in top-down cognitive control of motor functions and motivational goal-directed behaviors (Balleine and O'Doherty, 2010; DiFeliceantonio et al., 2012; Kim and Hikosaka, 2015) . The LGP, or external globus pallidus (GPe), is the major node in the basal ganglia indirect pathway, and has been implicated in both passive and active body movements, as well as drug-evoked behavioral plasticity (Beier et al., 2017; Hegeman et al., 2016; Kim and Hikosaka, 2015) . Disruption of 26 the DA signals in the dmStr and LGP is causally linked to cognitive deficits and hypokinetic symptoms of Parkinson's disease, apathy and anhedonia (Hegeman et al., 2016; Ikemoto et al., 2015; Maia and Frank, 2011) . Increased tonic DA release into the dorsal striatum facilitates motor control by differentially modulating the activities of D1 and D2 receptors and the excitability in the direct and indirect pathways (Ikemoto et al., 2015; Maia and Frank, 2011) . Dopaminergic inputs onto the striatal parvalbumin and cholinergic interneurons are also known to modulate the activities of striatal networks and voluntary movements (Gritton et al., 2019; McKinley et al., 2019) . The upregulation of TH in the SNC and the concomitant increases of regional Mn 2+ deposition in the SNC, dmStr and LGP are, therefore, consistent with the notion that subacute/chronic EE exposure might affect motor control via enhanced dopaminergic neurotransmission in the nigrostriatal circuit. Significantly altered MEMRI signal intensities found in the M1/M2, S1/S2 and motor thalamic nuclei of the EE-treated mice are consistent with this interpretation. It is noted that, like Ca 2+ influx, Mn 2+ influx into forebrain and striatal synaptosomes can increase presynaptic DA release (Drapeau and Nachshen, 1984) .
The EE-treated mice also showed enhanced MEMRI signal intensity and/or c-Fos expression in a number of brain regions in the mesolimbic circuits, including the VTA, Acb, vCA1, amygdalar nucleus CeA and limbic output station VP (Smith et al., 2009; Wise, 2004) . The Acb receives dopaminergic inputs from the VTA and sending its outputs to the VP (Ikemoto et al., 2015) . The VTA-Acb-VP circuit regulates motivation, mood and social interaction (Gunaydin et al., 2014; Ikemoto et al., 2015; Robinson et al., 2011) . Disruption of the DA signals in this circuit contributes to the motivational symptoms of depression and substance abuse (Salamone and Correa, 2012) . The connections among VTA, vCA1, amygdala, medial PFC and Acb are known to be associated with emotion and emotional/social memory processing (Fanselow and Dong, 2010; Okuyama et al., 2016; Zheng and Zhang, 2015) and incentive 27 learning and behavioral coordination (Balleine and Killcross, 2006; El-Amamy and Holland, 2007; Fadok et al., 2018) . The dmStr also receives projections from the VTA, along with those from the SNC and PFC (Beier et al., 2015) .
The role of prefrontal cortex in EE exposure
The EE-treated mice showed significantly increased MEMRI signal intensities in a number of ventromedial PFC subregions (i.e., PrL, VLO and Cg2), which however were not accompanied by significant alterations in c-Fos expression. These results suggest that trans-synaptic Mn 2+ transportation may have a major contribution to the enhanced regional Mn 2+ deposition in the PFC. The lack of significant changes in c-Fos expression could also be attributed to the facts that the PFC activates only transiently and intermittently during EE exposure and/or its recruitment diminishes as the mice become more accustomed to the environments (Garrido et al., 2013; Leger et al., 2015) .
The M2 is the only brain region in the EE-treated animals demonstrating significantly decreased MEMRI signal intensity. A recent optogenetic fMRI study has demonstrated that low-frequency stimulation of the projection from Sub to VLO drives robust cortical inhibition (Weitz et al., 2019) . It is therefore postulated that the enhanced activities in the Sub and VLO (Figs. 5 and 6) might have contributed to the reduced Mn 2+ deposition in the M2 of the EE-treated mice.
The rodent PFC has dense reciprocal connections with the basal ganglia, midbrain, limbic structures, SC and other sensory/association cortices (Heidbreder and Groenewegen, 2003; Perry et al., 2011) .
EE-induced neuroplasticity in the prefrontal cortex has been demonstrated in many previous studies (Del Arco et al., 2007; Fan et al., 2014; Gill et al., 2014) . The prefrontal neuroplasticity, along with its downstream targets, is involved in the behavioral manifestations and stress resiliency of the EE-treated animals (Garrido et al., 2013; Lehmann and Herkenham, 2011; Sampedro-Piquero et al., 2015; Segovia et al., 2008; Zhu et al., 2005) . For instance, prefrontal modulation of DA release and activity in the mesolimbic and nigrostriatal pathways enables behavioral flexibility and promotes goal-directed/voluntary behaviors Ferenczi et al., 2016; Gao et al., 2007; Grace et al., 2007; Wu et al., 2013) . The direct connections between the PFC and SC are known to be associated with visual processing and orienting body and eye movements (Hu et al., 2019) .
Effects of EE exposure on body weight gain, food intake and appetite-related brain region
Compared to the SE-treated mice, the EE-treated mice, on average, had increased amount of overall food intake but decreased body weight gain during the 7-day treatment period. These results agree well with some of the previous reports (Hughes and Collins, 2010; Mesa-Gresa et al., 2013) , but are contradictory to the others (Chapillon et al., 2002; Van de Weerd et al., 2002) . The discrepancy may be attributable to, at least in part, the differences in animal species, number of cage-mates, constructs in the EE cages and duration of enrichment. Importantly, the inter-group difference in body weight gain was not affected by MnCl 2 administration ( Fig. 2A) , indicating that the infusion protocol used had only minimal systematic toxicity to the animals (Eschenko et al., 2010; Poole et al., 2017) .
It appeared that the 7-day EE exposure period could be divided into two distinctive phases, during which the animals had considerably different amounts of food intake and body weight gain. During the first two days of exposure, the enriched mice had significantly less amount of food intake relative to the SE-treated mice, and showed no body weight gain. This was likely due to fact that these animals had spent more time and energy to explore the novel environment or less time eating, attributable to curiosity-invoking distractions provided by the environment. In the subsequent five days of EE exposure, 29 the mice increased their daily amount of food intake by about 30%. During this period of time, the enriched mice had a significantly higher daily food intake relative to their SE-treated counterparts, but managed to maintain a similar slope of body weight gain. These observations pointed to higher energy expenditures for the enriched animals during this period. This is reasonable because the EE cages, with its large size and complexity, had provided more accesses to social and physical activities. Previous video recordings have demonstrated that animals residing in the EE cages are physically active, particularly during the dark period (Moncek et al., 2004) . Additionally the stress hormonal responses may have also played a role (Adam and Epel, 2007; Calvez et al., 2011) , as EE exposure may increase the stress level in rodents, at least during its initial phases (Crofton et al., 2015) . If this is indeed the case, then the changes of food intake and body weight gain with time are consistent with the interpretation that the enriched mice had a higher stress level during the first two days, and became more accustomed and relaxed in their new housing condition subsequently.
The increase in overall food intake and decrease in body weight gain in the EE-treated mice were accompanied with significantly increased Mn 2+ deposition/c-Fos expression in appetite-regulation brain regions, including the VP, LH and CeA. It has been reported that activations in these regions enhance the affection and motivation for food consumption (Castro et al., 2015; Smith et al., 2009) . Increased activity in the PFC-dmStr circuit could have also play a role in this respect (DiFeliceantonio et al., 2012) . Relative to the SE-treated animals, the EE-treated mice had significantly decreased c-Fos expression in the hypothalamic subregion Arc, a major node in the appetite-regulation circuits known to be activated by energy deficits (Parkinson et al., 2009; Sternson and Eiselt, 2017) . This result gives further support to the notion that increased food intake in the EE-treated mice might be more related to consummatory behaviors and positive reinforcement, rather than hunger-driven food seeking (Sternson and Eiselt, 2017) . 30 The body weight gain of the animals was found to be correlated negatively with the MEMRI signal intensities in the VM/VL, along with those in the VP and dmStr. Given that the VM/VL are thalamic nuclei responsible for motor execution (Garcia-Munoz and Arbuthnott, 2015) , this result may be taken as an evidence that the reduced body weight gain in the EE-treated mice are linked to, at least to some extent, enhanced physical activities.
Limitations
There are some limitations to this study. Firstly, the in vivo MEMRI signal intensity measurements contain contributions from intracellular, extracellular and vascular compartments, but only the intracellular Mn 2+ depositions are presumably related to neural activities. It is also noted that the MEMRI signal intensity does not have a straight linear relationship with local Mn 2+ concentration, due to brain region-specific interactions of Mn 2+ with macromolecules and the influences of iron ions (Silva et al., 2004; Watanabe et al., 2015; Zhang et al., 2009) . Ex vivo measurements with techniques such as inductively coupled plasma mass spectrometry (ICP-MS) (Martirosyan et al., 2010) and synchrotron radiation X-ray fluorescence (Daoust et al., 2013; Wang et al., 2006) can provide more direct and quantitative measurements of regional Mn 2+ concentrations. Secondly, EE exposure is a complex construct with many dimensions, including sensory stimuli, voluntary physical activity and social interactions. The contribution of each individual dimension to the brain activation pattern observed remains to be elucidated. Thirdly, the regional MEMRI signals measured in this study should have represented regional activities integrated over not only local neuronal populations and time, but also large-scale networks. The interpretation of MEMRI signal intensity changes can thus be ambiguous.
Further studies are required to look into the mechanisms underlying the changes of regional Mn 2+ 31 deposition, especially in the brain regions with complex cytoarchitecture and/or function, such as the midbrain dopaminergic areas and PFC. Fourthly, with the protocol of 7-day continuous MnCl 2 infusion, the Mn 2+ concentration in brain tissue changes with time, building up gradually during the first two to three days and remaining at a plateau level thereafter (Eschenko et al., 2010) . Since the amount of regional Mn 2+ deposition in the tissue is proportional to the Mn 2+ concentration in the interstitial space, the brain activities in the later days of EE exposure must have had a relatively larger contribution to the final MEMRI results observed, compared to those in the first 2 to 3 days. Such effect should be taken into consideration when interpreting the MEMRI results under the circumstance when the brain activities under investigation change with time. The EE exposure is certainly one of such cases. Last but not least, previous studies have demonstrated that the EE-induced behavioral, hormonal and neuroplastic changes are sex-dependent (Simpson and Kelly, 2011) . This study used male animals only, and further studies are needed to investigate the potential sex differences in the brain activation pattern during EE exposure.
Conclusion
It is feasible to use MEMRI with a continuous infusion protocol to probe into the cumulative brain activities in freely-moving mice during sub-acute/chronic manipulations as complex as the EE exposure.
Relative to the SE-treated mice, the EE-treated mice showed enhanced MEMRI signal intensities in the nigrostriatal circuits, mesolimbic circuits, motor cortex/thalamus and prefrontal cortex. The EE-related brain activation pattern revealed by MEMRI agreed, in general, with those obtained by c-Fos staining, and may have reflected the integrated neural activities over time at both the brain region and network levels. EE exposure was also shown to result in increased dopaminergic activities in the midbrain, and modulate the feeding behavior and body weight gain of the mice. Overall, the results obtained in this 32 study may help to understand the mechanisms underpinning EE-related neuroplasticity and the beneficial effects of EE against neurological/psychiatric disorders, such as drug addiction, Parkinson's disease and obesity (Dalle Molle et al., 2017; Kotloski and Sutula, 2015; Nithianantharajah and Hannan, 2006; Solinas et al., 2010) .
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